RING E3 ligase-catalyzed formation of K63-linked ubiquitin chains by the Ube2V2-Ubc13 E2 complex is required in many important biological processes. Here we report the structure of the RING-domain dimer of rat RNF4 in complex with a human Ubc13~Ub conjugate and Ube2V2. The structure has captured Ube2V2 bound to the acceptor (priming) ubiquitin with K63 in a position favorable for attack on the linkage between Ubc13 and the donor (second) ubiquitin held in the active 'folded back' conformation by the RING domain of RNF4. We verified the interfaces identified in the structure by in vitro ubiquitination assays of site-directed mutants. To our knowledge, this represents the first view of synthesis of K63-linked ubiquitin chains in which both substrate ubiquitin and ubiquitin-loaded E2 are juxtaposed to allow E3 ligase-mediated catalysis. npg a r t i c l e s npg
a r t i c l e s Ubiquitin is a flexible and reversible signal that alters the fate of the proteins to which it is conjugated. Modification by ubiquitin is mediated by an enzymatic cascade in which ubiquitin is initially linked via a thioester bond to one of two ubiquitin-activating enzymes. The ubiquitin then undergoes a transthiolation reaction onto one of about 40 different ubiquitin-conjugating enzymes (E2s), which then interact with one of the 600 substrate-specific ubiquitin E3 ligases 1, 2 . RING E3 ligases prime the ubiquitin-loaded E2 for catalysis by a mechanism of conformational selection in which RING residues contact both the E2 and donor ubiquitin, thus immobilizing the ubiquitin and locking its C terminus into a groove on the E2 (refs. [3] [4] [5] . Immobilizing the donor ubiquitin onto the E2 is thought to position the thioester between ubiquitin and the E2 in an optimal orientation for it to undergo nucleophilic attack by the ε-amino group of a lysine in the substrate 6 . If the attacking lysine residue is from another molecule of ubiquitin, an isopeptide bond is formed between the two ubiquitin molecules; if attack is repeated multiple times, a ubiquitin chain is generated. Ubiquitin contains seven lysine residues, all of which, along with the N-terminal amino group of ubiquitin, can be used to form the eight different diubiquitin species.
We have previously shown that the SUMO-targeted ubiquitin E3 ligase RNF4 is responsible for the UbcH5A-catalyzed formation of K48 chains that target SUMO-modified PML protein for proteasomal degradation in response to arsenic treatment 7 . RNF4 is also involved in the mammalian DNA-damage response, in which it facilitates DNA repair [8] [9] [10] [11] . SUMO chains bind SUMO-interaction motifs of RNF4, thus inducing dimerization of the RING domain, a requirement for E3 ligase activity 12 . Thus, RNF4 is recruited to sites of DNA damage by recognition of SUMO-modified DNA damage-associated proteins, such as MDC1; at these sites, it catalyzes formation of K63-linked ubiquitin chains, which are involved in signaling in DNA-damage repair 11 . K63-linked ubiquitin chains are synthesized by the E2 enzyme Ubc13, but only when it is complexed with UEV (Ube2V1 and Ube2V2 in humans and MMS2 in yeast), a pseudo E2 (ref. 13 ) that orients the acceptor ubiquitin so that the K63 can attack the thioester linking the donor ubiquitin to Ubc13 (ref. 14) . In the case of K63-chain formation, the substrate is an acceptor ubiquitin that is positioned by UEV, but no structures have been available of an acceptor ubiquitin poised to attack the thioester of a donor ubiquitin that is held in place by an activating ubiquitin E3 ligase. To address this, we have determined a structure of the RING-domain dimer of RNF4 in complex with a Ubc13~Ub conjugate and Ube2V2. The structure has captured K63 of the acceptor ubiquitin in a position that could lead to attack on the active site of donor ubiquitin-linked Ubc13. Biochemical analysis suggests that, in addition to positioning the acceptor ubiquitin, Ube2V2 is required for RNF4-mediated activation of the Ubc13~Ub thioester.
RESULTS

RNF4-dependent synthesis of K63 chains by Ube2V2 and Ubc13
We had previously shown that in response to DNA damage the SUMOtargeted ubiquitin E3 ligase RNF4 (Fig. 1a) is responsible for the formation of K63-linked ubiquitin chains 11 . We therefore tested the ability of RNF4, Ubc13 and Ube2V2 to catalyze K63-chain synthesis on a ubiquitin-primed tetra-SUMO (4×SUMO) substrate ( Fig. 1a) . Ubc13 combined with Ube2V2 efficiently generated K63 chains linked to ubiquitin-primed 4×SUMO substrate in the presence of RNF4 (ref. 15 ), but, crucially, Ubc13 alone was inactive even in the presence of RNF4 (Fig. 1b) . In the absence of substrate, unanchored K63 chains were generated at low levels (Fig. 1b) , and, as visualized by western blotting (Supplementary Fig. 1a ), K63-chain synthesis was stimulated by the presence of 4×SUMO lacking the N-terminal ubiquitin, although 4×SUMO itself was not a substrate for ubiquitin modification. a r t i c l e s This is consistent with SUMO chain-induced dimerization as a mechanism for RNF4 activation 12 and with the requirement of a ubiquitinmodified (also known as priming) substrate.
Structure of Ubc13~ubiquitin-Ube2V2-RNF4 RING complex
To establish the molecular basis of the RNF4-catalyzed synthesis of K63 chains by Ube2V2-Ubc13, we determined structures of ubiquitinloaded Ubc13 (Ubc13~Ub) in complex with the RING domain of RNF4 in the presence ( Fig. 2a) or absence ( Fig. 2b) of Ube2V2 ( Table 1) . We used a stable isopeptide-linked E2~Ub to mimic the unstable thioester 4 (Supplementary Fig. 1b-e ). The Ubc13~Ub-RNF4 RING structure closely resembles that described previously for UbcH5A~Ub-RNF4 RING 4 (Supplementary Fig. 2a ). In these complexes, the RNF4 RING dimer sits at the center, with a two-fold rotational axis of symmetry relating the RNF4 RING domains. The Ubc13~Ub-Ube2V2-RNF4 structure ( Fig. 2a ) lacks the two-fold symmetry of the Ubc13~Ub-RNF4 RING and UbcH5A~Ub-RNF4 RING complexes; therefore, we discuss each 'half ' split at the RNF4 RING domains separately. In one half, the Ubc13~Ub conjugate is bound to the RING domain, as seen in the Ubc13~Ub-RNF4 RING structure ( Supplementary Fig. 2b) , and a Ube2V2 is bound to Ubc13, thus engaging the surface opposite to that docked to the RING. In the other half of the structure, the RING, Ubc13 and Ube2V2 adopt the same configuration as described above; however, ubiquitin is in an unexpected location. In the asymmetric unit, one of the ubiquitin molecules tethered by the isopeptide bond to the E2 appears to project away from the complex ( Fig. 2a) . However, analysis of packing of the molecules in the crystal reveals the reason for the displaced ubiquitin: it makes extensive contacts with a symmetry-related Ube2V2 molecule and thus mimics the priming (substrate-bound) ubiquitin ( Fig. 2c and Supplementary Fig. 3a ). By selecting a different symmetry-related ubiquitin within the Ubc13~Ub-Ube2V2-RNF4 RING crystal structure, we created a model capturing Ube2V2 bound to the acceptor ubiquitin (termed the canonical model herein). The donor ubiquitin is held in the activated folded-back conformation (for incoming attack by the nucleophilic lysine) by the RING domain of RNF4, as seen previously 4 , while the acceptor ubiquitin is oriented by Ube2V2 so that its K63 is in a position that could lead to attack of the thioester linkage between the donor ubiquitin and Ubc13 ( Supplementary Fig. 3b-e ).
In the present structure, the ε-amino group of K63 is 12.5 Å from the active site of Ubc13, but relatively minor adjustments of the components of the complex could bring the lysine residue into a position in which it would be close enough to carry out nucleophilic attack on the thioester between ubiquitin and Ubc13. This arrangement in the crystal is thus a structural model of all components required to transfer a ubiquitin onto the K63 of another ubiquitin molecule: the first step in the synthesis of K63 chains (Fig. 2d) .
Validation of the Ubc13~Ub-Ube2V2-RNF4 RING structure
The validity of this model is supported by an analysis of the individual protein-protein interfaces. The interfaces between E3 ligase and E2~Ub, between ubiquitin and the pseudo E2, and between Ubc13 and the pseudo E2 have been observed previously [3] [4] [5] 14, [16] [17] [18] [19] [20] [21] [22] (structural comparison in Supplementary Fig. 4a-c) . To probe the key interfaces ( Fig. 3a-e ), we introduced mutations into Ube2V2 and Ubc13 and assayed the modified proteins. Ube2V2 F13 contacts Ubc13 (Fig. 3b) , and Ube2V2 F13A, a mutant shown to perturb binding to Ubc13 in yeast 21 , is almost completely inactive in ubiquitination ( Fig. 3f) . Ube2V2 S32 forms a hydrogen bond with the backbone of the acceptor ubiquitin G47 (Fig. 3a) , and the importance of this residue in binding acceptor ubiquitin 14 is consistent with the loss of activity of Ube2V2 S32A in ubiquitination ( Fig. 3f) , although there is almost no difference in its affinity for Ubc13 ( Supplementary Fig. 5a,b) .
The C terminus of the donor ubiquitin is locked down in the active site groove of Ubc13 (Fig. 3c) by RNF4. This appears to be a conserved arrangement for activation of the thioester between ubiquitin and ubiquitin-like proteins and their cognate E2s [3] [4] [5] 23, 24 , as evident in the UbcH5A~Ub-RNF4 RING structure 4 . A hydrogen bond between the backbone of ubiquitin R74 and the side chain of D87 in UbcH5A has been identified to be critical, as has D117, which has been predicted to be involved in deprotonating and/or positioning the incoming lysine 4, 25 . Equivalent mutations in Ubc13 (D89A and D119A) were also inactive ( Fig. 3c,f) , as were mutations disrupting interactions between the donor ubiquitin and Ubc13 (L106A) and between Ubc13 (R7A and M64A) and RNF4 ( Fig. 3d-f) . This suggests that RNF4 plays a similar part in Ubc13 catalysis by activating the thioester bond.
Activation of Ubc13~Ub thioester by Ube2V2 and the RNF4 RING
To establish the requirements for activation of the Ubc13~Ub thioester, we carried out lysine-discharge assays (in which lysine acts as the substrate) on ubiquitin-loaded Ubc13 (Fig. 4a-c) . This assay eliminates any role of substrate in recognition and reports on the activation of the ubiquitin~E2 thioester bond. Unexpectedly, neither RNF4 nor a constitutively active RNF4 fused to a second RNF4 RING domain (RNF4-RING; Fig. 4a ) alone was able to substantially activate ubiquitin discharge from the Ubc13~ubiquitin conjugate. However, when both RNF4-RING and Ube2V2 were present, the rate of ubiquitin discharge was dramatically increased. RNF4-RING was required because Ube2V2 alone had only a small effect on the rate of ubiquitin discharge. Binding of ubiquitin to Ube2V2 does not have a substantial effect on RNF4-mediated ubiquitin discharge from Ubc13, because the Ube2V2 S32A mutant, which has perturbed ubiquitin binding, has almost wild-type activity (Fig. 4b,c) .
We conclude that Ube2V2 and RNF4 together induce an active conformation of the Ubc13~Ub thioester. However, we do not identify any obvious structural changes at the E2 catalytic site that could explain the requirement for Ube2V2 in RNF4-mediated Ubc13~Ub activation when comparing the Ubc13~Ub-RNF4 RING complexes with and without Ube2V2 (Supplementary Fig. 2b) . Moreover, the Ubc13~Ub-RNF4 RING structure is very similar to that of the catalytically active UbcH5A~Ub-RNF4 RING (Supplementary Fig. 2a ). We note that our structures are isopeptide-linked rather than thioester-linked Ubc13~Ub conjugates, and although simple modeling of the thioester did not reveal any change in the structure at the active site, the occurrence of subtle changes that could influence catalysis cannot be excluded.
A key region in Ubc13 that is contacted by Ube2V2 is the D81-R85 loop, which is directly connected to the loop that includes the catalytic cysteine (K87 in our structures) and to N79, a catalytically important residue that is thought to stabilize the tetrahedral intermediate and to support the active site loop 26, 27 . The D81-R85 loop of Ubc13 makes a number of contacts with Ube2V2, including a salt bridge between R85 of Ubc13 and E20 of Ube2V2 ( Fig. 3c and Supplementary  Fig. 6a,b) . In testing the importance of this salt bridge, we found that Ubc13 R85S and R85E mutants had dramatically reduced catalytic activity, but Ube2V2 E20A and E20R were fully active ( Fig. 3f and  Supplementary Fig. 6c ). Moreover, a charge-swap combination of Fig. 6c ). This result suggests that Ubc13 R85 has a critical role in maintaining the active site in an optimal conformation for catalysis, but this function is not dependent on the salt bridge between Ubc13 R85 and Ube2V2 E20. The sequence of the D81-R85 loop varies among different E2 enzymes ( Supplementary  Fig. 6d ). Ubc13 D81 can make several hydrogen bonds with the backbone of this loop and can also form a salt bridge with R85 ( Fig. 3c) .
In UbcH5A, N79 can make similar hydrogen bonds, but there is no salt bridge because the equivalent residue of R85 in Ubc13 is S83 in UbcH5A (Supplementary  6a,b) . The D81A mutant of yeast Ubc13, compared to wild type, had decreased amounts of diubiquitin formed 21 . We could not express human Ubc13 D81A, but Ubc13 D81N, which preserves the hydrogen bonds with the loop backbone, had only modestly reduced activity (Supplementary Fig. 6c ). Introduction of the R85S mutation into wild-type Ubc13 reduced activity dramatically (Fig. 3f) . This mutation not only removes the electrostatic interactions with Ubc13 D81 and Ube2V2 E20 but also probably disrupts a number of hydrophobic interactions ( Fig. 3b and Supplementary  Fig. 6a ). Ubc13 R85S increases the K d for Ube2V2 by more than 30 times, whereas Ube2V2 E20A results in an increase of four times in the K d for wild-type Ubc13 (Supplementary Fig. 5a,b) . However introduction of R85S in Ubc13 D81N, compared to Ubc13 D81N, is almost without consequence (Supplementary Fig. 6c ). Thus, it appears that R85 is essential only when the negatively charged D81 is present. We suggest that Ubc13 activation by Ube2V2 results from a change in the conformation or immobilization of the R85-D81 interaction upon Ube2V2 binding, which induces the catalytic configuration of the active site loop.
DISCUSSION
The structure that we have determined is a model for the first step in the synthesis of polyubiquitin chains (Fig. 4d) : the transfer of a donor ubiquitin from its E2 thioester conjugate to the K63 of the priming ubiquitin. To obtain this structure, it was necessary for us to replace the reactive thioester between ubiquitin and Ubc13 by a stable isopeptide bond. Modeling the thioester in place of the isopeptide linkage and modifying the rotamer of the side chain of K63 of the acceptor ubiquitin (which is not well defined in the electron density maps; Supplementary Fig. 3b,c) brings K63 of the acceptor ubiquitin to within 9 Å of the carbonyl carbon of the thioester linkage. Crystal packing allowed us to capture the acceptor ubiquitin in the structure, but the distortion from the perfect nucleophilic-attack geometry expected in solution may arise from both crystal packing and tethering of the ubiquitin to a Ubc13 molecule. In this situation, the Ubc13-Ube2V2 interaction would dominate, because this is a much-higher-affinity interaction (50 nM) than the Ub-Ube2V2 interaction (30 µM) 17 . However a simple rigid-body rotation of the ubiquitin by a few degrees or a change in the precise position of a RING domain could reduce the distance to within the range for nucleophilic attack. The value of the structure is that it has captured Ube2V2 bound to the acceptor ubiquitin with K63 in a position that could lead to attack on the linkage between Ubc13 and the donor ubiquitin held in the active folded-back conformation by the RING domain of RNF4. This allowed us to build a model for the RINGmediated formation of K63 chains, which we then tested by mutagenesis and biochemical analysis. The arrangement in the active site is similar to that observed for the RBX1-Ubc12~NEDD8-Cul1-DCN1 complex, in which the NEDD8 is folded back onto the E2, but the a r t i c l e s modeled lysine of the substrate, unaffected by crystal packing, makes a much closer approach (2.6 Å) to the Ubc12~NEDD8 linkage 24 .
Synthesis of K63-linked ubiquitin chains on a target protein is at the heart of many cellular processes. The structure reveals that Ube2V2 regulates this process by binding and presenting the priming ubiquitin so that its K63 attacks the thioester linkage between the donor ubiquitin and Ubc13 (to which Ube2V2 also binds). Our data show that, in the presence of RNF4, Ube2V2 has an additional role in increasing the reactivity of the Ubc13~Ub thioester linkage. Without Ube2V2, Ubc13 cannot efficiently transfer ubiquitin to any substrate. npg Thus, Ubc13 is activated only when Ube2V2 is bound and ubiquitin is presented in the correct spatial orientation. Such exquisite and multilayered control is emerging as a common feature of ubiquitin 28 and ubiquitin-like 23,24 modification systems.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Coordinates and structure factors of the Ubc13~Ub-Ube2V2-RNF4 RING and Ubc13~Ub-RNF4 RING structures have been deposited in the Protein Data Bank under accession codes 5AIT and 5AIU, respectively.
